Standard genome editing tools (ZFN, TALEN and CRISPR/Cas9) edited genome 34 depending on DNA double strand breaks (DSBs). A series of new CRISPR tools that 35 convert cytidine to thymine (C to T) without the requirement for DNA double-strand 36 breaks were developed recently, which have changed this status and have been 37 quickly applied in a variety of organisms. Here, we demonstrate that 38 CRISPR/Cas9-dependent base editor (BE3) converts C to T with a high frequency in 39 the invertebrate Bombyx mori silkworm. Using BE3 as a knock-out tool, we 40 inactivated exogenous and endogenous genes through base-editing-induced nonsense 41 mutations with an efficiency of up to 66.2%. Furthermore, genome-scale analysis 42 showed that 96.5% of B. mori genes have one or more targetable sites being knocked 43 out by BE3 with a median of 11 sites per gene. The editing window of BE3 reached 44 up to 13 bases (from C1 to C13 in the range of gRNA) in B. mori. Notably, up to 14 45 bases were substituted simultaneously in a single DNA molecule, with a low indel 46 frequency of 0.6%, when 32 gRNAs were co-transfected. Collectively, our data show 47 for the first time that RNA-guided cytidine deaminases are capable of programmable 48 single and multiplex base-editing in an invertebrate model. 49 50 51
INTRODUCTION
cloning. Sanger sequencing of individual clones showed different types of mutations 139 in the DNA sequences. For Blos2, two out of five clones (40%) had C-T substitutions. 140 The efficiency of C-T substitutions for Yellow-e reached 51.2% in 41 examined clones. 141 Among the studied positions (C5, C7, C9, and C11), C5 showed the highest mutation 142 rate. The observation of base substitutions in C9 and C11 was beyond our expectation 143 because C9 and C11 laid outside of the typical editing window observed in vitro and 144 in plants (KOMOR et al. 2016; ZONG et al. 2017) . Taken together, these results 145 demonstrated that the BE3-gRNA nuclease complex effectively and site-specifically 146 substituted C with T in invertebrate B. mori cells. Notably, the base-editing window of 147 BE3 in B. mori may be wider than that in vitro and plants. To expand the application of BE3 in B. mori, we evaluated BE3 as a knock-out tool 152 through inducing premature stop codons (TAG, TGA, or TAA) by converting C:G 153 base pairs to T:A base pairs for four codons (CAA, CAG, CGA, TGG) in coding 154 strands. Four gRNAs with the potential of generating stop codons in the exogenous 155 mCherry reporter gene were designed ( Table S1 ). We co-transfected these four 156 gRNAs (mCherry-1, 2, 3, or 4) together with BE3 individually into a transgenic cell 157 line (BmE-mCherry), which harbors the mCherry expression cassette (unpublished) . 158 At 12 days post-transfection, we evaluated the knock-out efficiency by measuring the 159 average fluorescence intensity of mCherry via flow cytometry. Significantly 160 decreased mCherry signal was found with all four gRNAs compared with control 161 (Figure 2A, Figure S1 ). We also observed markedly decreased mCherry-positive 162 cells in cells harboring the BE3-gRNA complex by fluorescence microscopy ( Figure   163 2A), in accord with the flow cytometry results. However, it should be noted that the 164 most effective gRNAs were mCherry-2 and mCherry-3 (59.1 and 66.2%, 165 respectively), rather than mCherry-1, which targeted the 5-most mCherry sequence 166 among the four gRNAs. These results may have been observed because mCherry-2/3 167 targeted TGG with two potentialities of inducing stop codons. To further confirm that 168 mCherry was knocked out through a substitution-induced nonsense mutation, we 169 amplified and sequenced the target genomic regions. Sanger sequencing of both PCR 170 products and individual clones showed several base substitutions, resulting in stop 171 codon mutations ( Figure 2B) . Although no mutations were found with mCherry-2 172 among 10 clones, the Sanger sequencing chromatogram for the PCR product did show 173 a overlapping peak at the target site, where CAG was converted to the stop codon 174 TAG ( Figure 2B) , resulting in mCherry being knocked out. To test the universality of 175 BE3 in B. mori, we then designed two gRNAs (Puromycin-1, 2) targeting another 176 exogenous gene Puromycin. Cellular proteins were extracted at 12 days 177 post-transfection. Western blot results indicated that Puromycin protein levels 178 dramatically decreased after transfection with either gRNA (Figure 3A) . Sanger 179 sequencing of PCR products and clones also showed the conversions of C:G to T:A.
180
The stop codons TAA and TGA generated by BE3 caused Puromycin to be knocked 181 out with efficiencies of 58.3% (7/12) and 27.2% (3/11), respectively ( Figure 3B) .
Taken together, our data indicated that we effectively knocked out the exogenous 183 genes mCherry and Puromycin via substitution-induced nonsense mutations mediated 184 by BE3 in B. mori.
186
Using BE3 to knock out the endogenous genes BmGAPDH and BmV-ATPase B, 187 and predicting knocked out loci on a genome-wide scale 188 To determine whether BE3 could generate effective substitution-induced nonsense 189 mutations for endogenous genes, four gRNAs were designed to target BmGAPDH 190 (GAPDH-1, 2) and BmV-ATPase B (ATPase-1, 2). We extracted cellular proteins at 12 191 days post-transfection. Western blot analyses indicated that protein levels noticeably 192 decreased for GAPDH-1 and ATPase-1, compared with control ( Figure 4A) . Sanger with the western blot results. Collectively, these findings showed that BE3 could 197 mediate effective substitution-induced nonsense mutations for endogenous genes in B.
198 mori cells. However, not all gRNAs work exceedingly well with BE3 in knocking out 199 genes (as also found with Cas9), such as GAPDH-2 and ATPase-2 (Figure 4A, B) . 200 To determine the targetable sites for knock-out by BE3 at the genome scale, we 201 identified all candidate codons (CAA, CAG, CGA and TGG) that can potentially be 202 converted to stop codons (TAA, TAG, TGA) by BE3. This genome-scale analysis 203 revealed a pool of 151,551 targetable knockout sites in 14,106 CDSs, with a median 204 of 11 sites per gene and 96.5% targetable genes (among 14,623 total genes) ( Figure   205 4C). Furthermore, the distributions of these codons were well-distributed within the 206 CDSs, suggesting that approximately half of these targetable sites could stop mRNA 207 translations within the first 50% of their encoded protein sequences (Figure 4D) . 208 209 The editing window of BE3 is mostly in C4-C7, although effective C 210 substitutions can occur within C1-C13 211 Sanger sequencing for previous T clones showed that base substitutions could be 212 generated at C3-C9 and C11. However, these results may not fully represent the 
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The PCR products for targeted genomic regions were sequenced by next-generation 218 sequencing (NGS). We averagely obtained 96,782 DNA reads for every gRNA. The 219 efficiencies of 32 gRNAs, ranging from 3.4% to 25.3%, were calculated by counting 220 every DNA read with one or more C:G to T:A substitutions within the 20-bp gRNA 221 target sites (Figure 5B) . The indel frequencies of the 32 gRNAs were ≤5.0%, except 222 for gRNA21 (8.1%), while the control showed a 1.2% indel frequency (Table S3) . 223 Then, we analyzed the efficiency of each base substitution for each gRNA in detail BE3 should be more suitable for performing multiple genome edits, without causing 241 excessive DNA damage and indels (KOMOR et al. 2016; KIM et al. 2017a; ZONG et al. 242 2017). All 32 gRNAs that target EGFP were co-transfected together with the BE3 243 vector into cells. The PCR products for the targeted genomic regions were sequenced 244 by NGS. We found a range of mutation types (1-14 base substitutions) with an 245 extremely low indel frequency of approximately 0.6%, which was the equal to the 246 control ( Figure 6A , Table S3 ). The more base substitutions generated by BE3 247 simultaneously, the fewer reads that were observed (Figure 6A) . We further 248 investigated these types of mutation sequences, and found that several C:G base pairs 249 that located in different positions were mutated to T:A base pairs simultaneously in a 250 single DNA read (Figure 6B) . Although only a few reads showed 10 or more 251 base-substitutions in one DNA read, they did not exist in the control. Together, our 252 data indicate that BE3 represents an improvement over the Cas9 nuclease in inducing 253 multiple base mutations with an extremely low indel frequency and no DSBs. (Table S3 ). Previous data showed that the indel 288 frequency for BE3 was also very low in mammalian cells and plants (KOMOR et al. 289 2016; ZONG et al. 2017) , but that is different in B. mori. We suspect that the frequency 
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In summary, we demonstrated site-specific base editing by BE3 with high 311 efficiency in an invertebrate organism, for the first time. This study may help in 312 generating efficient base-editing systems in other organisms. The editing window, 313 ranging from C1 to C13, is wider than that in plants (ZONG et al. 2017) , which 314 provides greater potential and feasibility for modifying the genome at target sites with 315 a larger scope. We also used BE3 to knock out exogenous and endogenous genes with 316 high efficiency through substitution-induced nonsense mutations in B. mori. The 317 frequency of introducing a stop codon was up to 66.2%, which was much more 318 efficient than that found with SpCas9, SaCas9, and Cpf1 in B. mori cells (LIU et al. 337 DNA encoding rAPOBEC1, the XTEN linker, partial nCas9 with the A840H mutation, 338 and UGI was B. mori codon-optimized and synthesized by GenScript service, and 339 then inserted into the pUC57-T-simple plasmid. The complete BE3 vector was 340 constructed by inserting the same fragment of Cas9 and nCas(A840H) into the 341 synthesized plasmid after digestion of NdeI and BamHI (New England BioLabs). The 342 gRNA-expression vector pUC57-gRNA was described previously (LIU et al. 2014) . 343 gRNA sequences (Table S1 ) were synthesized as two complementary oligonucleotides, 344 annealed, and inserted into the pUC57-gRNA plasmid after BbsI digestion. Next, 5% milk was used to block the PVDF membranes, which were then incubated 367 with primary antibodies (diluted 1: 1,000 in 1% milk) for 2 h. Subsequently, the 368 PVDF membranes were incubated with anti-mouse or anti-rabbit secondary 369 antibodies (diluted at 1:10,000 in 1% milk) for 1 h. Membranes were developed with 370 Thermo Fisher ECL reagent and then imaged with a western blot processor.
MATERIALS AND METHODS

Design and construction of the BE3-and gRNA-expression vectors
372
Genome-wide analysis of knock-out sites 373 To identify knock-out sites on a genome-wide scale, we first retrieved all CDSs for B. 374 mori from the Silkworm Genome Database. gRNAs and the nucleotide motifs CAG, 375 CGA, CAA, and TGG were searched using the fuzznuc EMBOSS explorer. Based on 376 the editing window of BE3 for B. mori, nucleotide motifs (with a multiple of three for 377 the last base) at position 1-13 within each gRNA were selected using the intersectBed 378 and shell script. These nucleotide motifs were defined as potential knock-out sites.
379
Sanger sequencing 381 Genomic DNA extracted using the E.Z.N.A. Tissue DNA Kit (Omega) following the 382 manufacturer's recommended protocols after cells were transfected for 3 days. The 383 genomic regions of interest were amplified using site-specific primers (Table S2 ).
384
PCR products were generated with PrimerSTAR Max DNA Polymerase (Takara) 385 according to the manufacturer's instructions, then loaded on a 2% agarose gel. The 
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The 32 gRNA vectors were also mixed well at a 1: 1 molar ratio and transfected 398 together with BE3 vector. The targeted genomic regions were amplified using conversions among all clean reads for each sample. All the above data-processing 413 steps were performed using shell script. We also analyzed the efficiency of each C:G 414 substitution for each gRNA in the same manner. A heatmap was prepared using R 415 software. To determine the indel frequencies, sequence-alignment files in SAM 416 format were generated using sequencing reads and reference sequences via bowtie2.
417
Reads that contained an insertion or a deletion (according to the SAM files) were 418 considered to represent indels. 
